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Abstract — Py-GC/MS analysis of bottom sediment from Lake Ontario was shown
to be effective in assessing organic contaminants, especially attractive as it is a rapid
technique requiring little sample preparation. Pyrolyzates of samples richer in organic
matter (OM) were relatively enriched in aliphatic hydrocarbons and pyrrolic nitrogen
compounds, while leaner samples were more aromatic and pyridinic. Alkylbenzene
and alkylphenol distributions in the pyrolyzates were most compatible with derivation
from aquatic (algal, bacterial) OM. The organonitrogen compounds indicated the
presence of degraded proteinaceous material from aquatic sources and/or sewage.
Normal and polycyclic aromatic hydrocarbon distributions indicate, at least in part,
contributions of fossil fuels and combustion residues. These observations were
confirmed by organic petrologic examination. The ubiquitous input of aquatic OM to
the sediments (enhanced by anthropogenic nutrient oversupply) was supplemented by
fossil fuel-derived contamination, in proportions varying with proximity to industrial
sites and shipping lanes.
Short title — Molecular geochemistry of Lake Ontario sediments
Key words — environmental geochemistry, lacustrine organic matter, organic
contamination, Lake Ontario sediments, pyrolysis-gas chromatography/mass
spectrometry
Introduction
Large lakes and marine bays near urban and industrialized regions are
inevitably sinks for anthropogenic organic matter (contamination). To minimize
public health risks, it is important to understand the nature and fate of lacustrine and
near-shore marine organic matter in order to more intelligently design and implement
programs for the prevention and remediation of contamination. Rather than to simply
search for compounds on a short list of priority pollutants, it may be wiser to take a
more holistic approach, attempting to evaluate and understand the complex organic
matter assemblages as a whole. Towards this end we have applied tools developed
largely by petroleum prospectors for the evaluation of kerogens to the study of organic
matter in the bottom sediments beneath Canadian waters in Lake Ontario.
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Lake Ontario lies at the end of a chain of five Great Lakes bordering the USA
and Canada. The industrial region including the metropolitan areas of Toronto,
Hamilton and Niagara Falls lies within the drainage basin of western Lake Ontario
(Fig. 1). The lake basin rests in limestone, dolomite, and shale of Upper Ordovician to
Middle Silurian age (Hough, 1958). The main axis of this large northern temperate
lake trends 306 km east to west with a maximum width of 84 km. The maximum
depth is 244 m and the lake surface is ca. 75 m above sea level Three major sediment
units are recognized: (a) glacial till and bedrock; (b) glaciolacustrine clay; and (c)
post-glacial mud, sand and silt (Thomas et al., 1972 a, b).
The drainage basin around the lake (Fig. 1) was settled in the early 19th
century. Until the 1940's, this area was used extensively for European-type mixed
agriculture with increasing numbers of beef and dairy operations around expanding
towns and cities. Fruit farming was concentrated along the south shore, while
horticulture and market gardening were common along the north shore (Chapman and
Putnam, 1984). Since the 1940's, the drainage basin was rapidly urbanized and now
supports a population in excess of 4 million.
The post-glacial recent muddy sediments in western Lake Ontario are the
subject of this research , which is an outgrowth of a sediment acoustic mapping project
by scientists of the Marine Environmental Geoscience Group of the Geological Survey
of Canada based at the Bedford Institute of Oceanography. The present work was
initially undertaken to compare the organic components in the bottom sediments from
acoustically anomalous zones with those from sites not associated with anomalies.
The larger objectives of this research were to (a) identify and quantify the
proportions of natural and anthropogenic organic matter in various sample locations of
western Lake Ontario; (b) show the vertical and lateral variations of natural and
anthropogenic organic matter; and (c) identify the possible sources of anthropogenic
organic matter. The hypothesis proposed is that conventional organic petrologic and
geochemical techniques used in fossil fuel exploration can provide critical information
in environmental studies, especially given the fact that many industrial pollutants are
derived from petroleum and coal. Aspects of the organic petrology and bulk
geochemistry of these sediments have recently been presented (Mukhopadhyay et al.,
1997), while the present article focuses on their molecular organic geochemistry. A
practical goal of this project is the development of rapid analytical techniques
involving minimal sample preparation that can be implemented in environmental
geochemical studies of organic sediments, as a means of reducing analytical expenses
and permitting more sample throughput.
Methods
Relatively undisturbed sections of lakebed mud about 900 cm2 in area and 10
cm deep were carefully raised and transferred to the decks of the research vessels in
1993 (CCGS Griffon) and 1994 (CCGS Samuel Risley) using a Van Veen grab sampler.
The dark gray to black reduced mud was covered with a brown oxidized surface layer
from a few mm to 1 cm thick. Subsample layers comprising the 0-5 cm and 5-10 cm
intervals below the top of sediment were collected from most samples and stored at
4°C for subsequent analysis. Sampling sites 16 and 17 are situated near the industrial
city of Hamilton, Ontario (Fig. 1). Sites 19-25 comprise a transect across the zone of
modern mud deposition along the central axis of western Lake Ontario, in water
depths >100 m. Sites 27 and 32 are ca. 10 km offshore from Toronto and site 50 is at
the intersection of shipping tracks near the mouth of the Welland canal. For these
2

latter three sites, only the 0-5 cm layer was available for study. Estimates of time
represented by the 5-cm sample intervals range from 15 to 45 years approximately
(Mukhopadhyay et al., 1997). Though it is assumed the sample intervals analyzed in
this study represent continuous deposition over 1-2 decades, it is possible some
contain hiatuses and redistributed sediment due to storm surge activity.
Of the twenty-one samples available, all were analyzed by organic petrology
(polished block and smear slide examination of concentrated organic matter) and
Rock-Eval pyrolysis (Mukhopadhyay et al., 1997). A subset of 12 samples was
analyzed by pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS).
Py-GC/MS analyses of the sediment were performed using a CDS 120
Pyroprobe, coupled to a HP 5890 gas chromatograph with a HP 5970 mass selective
detector and a 50 m HP-1 column (0.2 mm i.d., film thickness 0.33 µm). A measured
amount of dry, powdered sediment (≈5 mg) was pyrolyzed in a flow of helium for 20
sec in a platinum coil at 610°C, as measured by a thermocouple in the sample holder.
Poly-t-butylstyrene was added as an internal standard. The GC oven was operated
under the following program: isothermal for 5 min at 40°C; temperature programmed
at 5°C/min. to 300°C and then isothermal for 20 min. The MS was operated in full
scan mode (50-550 Da, 0.86 scans/sec., 70eV ionization voltage). Compounds were
identified based on mass spectra and GC retention indices, with reference to the Wiley
and U. S. National Bureau of Standards computerized mass spectral libraries and the
literature (Hartgers et al., 1992; Nip et al., 1992; Sinninghe Damsté et al., 1992a, b;
Kruge and Bensley, 1994; Sicre et al., 1994; Stankiewicz et al., 1996). Quantitations
of 156 compounds were performed on mass chromatograms of the relevant base peaks
(Table 1). Corrections were applied using MS response factors computed for each
compound for our instrument.
Five selected samples were extracted with n-hexane and the extracts analyzed
by injection GC/MS, using the instrumentation and column described above. The GC
oven was heated from 100 to 300°C at 4°/min, where it was held for 30 min. The
mass spectrometer was run in selected ion monitoring mode, using m/z 85 (to detect
normal and isoprenoid alkanes), m/z 191 (tricyclic terpanes and hopanes), m/z 217
(steranes), and m/z 156, 162, 166, 168, 169, 170, 176, 178, 180, 182, 184, 192, 196,
198, 202, 206, 212, 216, 220, 228, 230, 231, 242, 252, 253 and 256 (polycyclic
aromatic hydrocarbons and sulfur and oxygen heterocycles). Two hexane extracts
were rerun in full scan mode (50-550 Da, 0.86 scans/sec.) using the same GC
conditions to confirm compound identifications.
Results and Discussion
Organic petrology
The organic petrologic results have been discussed in detail elsewhere
(Mukhopadhyay et al., 1997), therefore only a brief summary is presented here.
Between 45 and 55% by volume of the particulate organic matter (OM) detected by
reflected light microscopy in the Lake Ontario bottom sediment samples is not natural,
but rather is traceable to anthropogenic sources. Organic petrology (maceral
composition, reflectance, and spectral fluorescence) revealed the presence of
bituminous and semi-anthracite coals, carbonization residues (char and fly ash)
possibly from shipboard combustion or nearby power plants, and coke from nearby
ironworks. Plastics and sewage products were also detected. Organic remains from
natural sources were also documented by petrology. Land plant material (especially
3

cellulose-rich barks [huminite], lignin-rich stems [huminite], charcoal, fungal spore,
monosaccate spore and pollens), lacustrine algae (also biodegraded algae), and
bacterial clusters on humic substances were common. Abundant algal growth in some
sediments is possibly related to nutrient-rich sewage in the lake water. The terrestrial
plant remains were transported by rivers into the lake and are resedimented by lake
currents, undergoing partial degradation in the process.
Bulk geochemistry
The total organic carbon (TOC) and Rock-Eval pyrolysis results for the
majority of these samples has been previously presented (Mukhopadhyay et al., 1997),
however some new data (for the samples from sites 27, 32 and 50) have been added.
The bulk geochemical results will be summarized herein, as they are important for the
interpretation of the molecular data discussed below. There is a fairly wide range of
organic richness, with TOC values ranging between 1.6 and 3.1% and Rock-Eval S2
varying from 1.9 to 5.7 mg volatile pyrolysis products/g sediment, with a strong
positive correlation (r2 = 0.89, Fig. 2a). Based on these data, for purposes of this paper,
we can recognize a relatively "organic-rich" group, comprised of samples 16U, 19U,
25U, 19L, 17U and 27U. The remaining samples form the "organic-lean" group. (The
samples will be designated by their sampling site number and by whether they come
from the "upper" or "lower" half of the 10 cm core. Thus sample "16U" is the 0-5 cm
section of the core from site 16; sample "21L" is the 5-10 cm section of the core from
site 21.) The Rock-Eval S1 values of most of the samples also correlate well with
TOC (r2 = 0.87, excluding several outliers, Fig. 2b) and again the distinction between
the organic-rich and lean groups is apparent.
The Rock-Eval Hydrogen and Oxygen Indices are traditionally used for OM
typing on cross-plots termed modified Van Krevelen diagrams (Espitalié et al., 1977;
Tissot and Welte, 1984). When plotted on such a diagram (Fig. 3a), the Lake Ontario
sediments appear to contain low-maturity, Type III OM, according to conventional
interpretation, having moderately low Hydrogen Indices (114-205 mg volatile
pyrolysis products/g Corg) and high Oxygen Indices (84-292 mg CO2 in pyrolyzate/g
Corg). Due to the heterogeneous nature of the OM in these samples as seen under the
microscope (Mukhopadhyay et al., 1997), the conventional interpretation is likely to
be of little practical value. A simple cross-plot of the Hydrogen and Oxygen Indices
(Fig. 3b), however, does indicate a key trend in the sample set, namely that the
Hydrogen and Oxygen Indices are inversely correlated. The organic-rich group of
samples clusters together in the higher Hydrogen Index region of the diagram (Fig. 3b).
It is interesting to note that the sample from the upper 5 cm of a given core has
consistently higher TOC, S1, S2 and Hydrogen Index values than does the sample from
the 5-10 cm depth range in the same core (Figs. 2, 3). This parallels trends previously
documented in eastern Lake Ontario sediments showing decreasing TOC contents with
increasing depth (Schelske et al., 1988; Schelske and Hodell, 1991).
Molecular characterization of the solid OM
For purposes of detailed molecular characterization by analytical pyrolysisgas chromatography/mass spectrometry (Py-GC/MS), a representative subset of 12
samples was chosen to include the full range of TOC, S1, S2, Hydrogen Index and
Oxygen Index values (Figs. 2, 3b) and achieve a good geographic distribution (Fig. 1).
Both upper and lower portions of the cores were used where available. The organic4

rich and organic-lean groups each contributed six samples. Due the overall low S1
values (most samples <0.7 mg/g, Fig. 2b), the samples were not extracted prior to PyGC/MS. To be sure that extractable OM would not interfere with the pyrolysis results,
a thermal extraction-GC/MS analysis was performed on several samples prior to the
Py-GC/MS run during the initial experiments. Indeed, only insignificant amounts of
thermally-extractable OM were detected.
Aliphatic hydrocarbons. The pyrogram of sample 16U (Fig. 4a) is shown as a
representative of the organic-rich sample group. It is evident from careful
examination of the pyrogram that the n-alkenes and n-alkanes form a series of
important chromatographic peaks, roughly equal in height over the displayed C7-C22
range, with a greater prominence of the alkenes between C8 and C14. In the pyrolyzate
of organic-lean sample 21L (Fig. 4c), the aliphatics are relatively less abundant overall,
particularly the long chain homologues. The same conclusion can be reached by
comparing the summary charts (Fig. 4b, d). Note that the quantitation results (Fig. 4b,
d, f) incorporate the full data set of 156 compounds (Table 1), whereas space
limitations precluded labeling more than 100 compounds on the pyrograms (Figs. 4a, c,
e). The pyrogram of a second organic-lean example is also presented (50U, Fig. 4e) as
it displays some unique features. The relatively weak aliphatic hydrocarbons are more
difficult to discern on the pyrogram of sample 50U. In particular, the long-chain
homologues are in low relative abundance (Fig. 4f).
The m/z 55 + 57 mass chromatograms display the n-alkene/n-alkane
distributions with greatly reduced interference of other compounds (Fig. 5). The
relatively greater importance of the longer-chain aliphatics and the higher
alkene/alkane ratios of the 16U pyrolyzate compared to that of 21L are clearly evident.
A minor odd carbon number predominance among n-alkanes larger than C12 is noted
for both samples. The nature of the normal hydrocarbon distributions in the entire
suite of 12 samples can be summarized by comparing the ratio of long-chain aliphatics
to all aliphatics and the ratio of long-chain n-alkenes to n-alkanes (Fig. 6a). These two
parameters correlate positively, with the samples richer in OM having the highest
values. This implies that it is not simply a matter of OM quantity, but that the quality
of the pyrolyzable OM changes systematically as well.
The aliphatic chain-length ratio also correlates well with Rock-Eval S1 (Fig.
6b). Yet it is unlikely that this is due simply to the proportional addition of thermallyextractable bitumen to the flash pyrolyzates of the organic-rich samples. The high
long-chain n-alkene/n-alkane ratios of the rich samples (Fig. 6a) indicates that there is
a strong predominance of true pyrolysis products. While the correlation between the
aliphatic chain-length ratio and the Hydrogen Index (Fig. 6c) is not as strong as that
with S1 (Fig. 6b), it is nevertheless significant. Again, the organic-rich and organiclean sample groupings are clearly distinguishable. The aliphatic hydrocarbon data
indicate significant variations in OM type within the sample set, in accord with the
Rock-Eval results. The distribution of aliphatics in the pyrolyzates suggests multiple
precursors, including the lipid portions of algal and bacterial resistant biopolymers, as
well as petroleum asphaltenes or other (degraded?) heavy petroleum fractions. All
these components were noted in the petrographic examination.
Aromatic hydrocarbons. All the pyrolyzates share many common features in
their aromatic hydrocarbon distributions. Simple monoaromatic hydrocarbons tend to
predominate, such as toluene [3], styrene [11], C2-alkyl- [9, 10, 12] and C3alkylbenzenes [19, 21, 23]. (Numerals in square brackets indicate peak numbers in
Figure 4 and in Table 1.) The distribution of alkylbenzene isomers changes little from
sample to sample, with the exception of sample 50U, the pyrolyzate of which has
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relatively more 1,3- and 1,4-dimethylbenzenes and 1,2,4-trimethylbenzene [10, 21]
(Fig. 4e). Indene, methyl- and dimethylindenes [24, 32, 34, 39] are in relatively high
abundance in all pyrolyzates. Naphthalene [35], methyl- [41, 42], dimethyl- [44-47,
49] and trimethylnaphthalenes [51, 52] are also important in all pyrolyzates,
particularly of 50U. Examination of appropriate mass chromatograms revealed that
there are no major differences in internal alkylnaphthalene isomer distributions among
samples. Fluorene [53], phenanthrene [58] and alkylphenanthrenes are present as
relatively minor components in all pyrolyzates, again except for 50U, in which the
methyl- [61-64] and dimethylphenanthrenes [65-68] are more prominent.
Comparison of the summary diagrams (Fig. 4b, d, f) confirms that the di- and
triaromatic hydrocarbons are relatively much more significant in the 50U pyrolyzate
and that this sample is significantly different. While internal distributions of
alkylaromatic isomers in the pyrolyzates may not change greatly from sample to
sample, it is apparent that the overall aromaticity (ratio of aromatic to aliphatic
hydrocarbons) is highly variable in the sample set (Fig. 4b, d, f). There is a strong
inverse correlation between aromaticity and aliphatic chain length (Fig. 7a), with
sample 50U off the trend line, appearing especially aromatic in the context of the other
pyrolyzates. The least aromatic samples are those richest in OM (Fig. 7b), again
indicating that we are not merely observing variations in OM quantity, but in quality
as well. Although the organic-rich samples have relatively less phenanthrenes in their
pyrolyzate, their phenanthrenes are more extensively alkylated (Fig. 8). The data from
sample 50U once again plot off the trend (Fig. 8), indicating significant differences in
its OM assemblage.
The strong predominance of toluene over the more alkylated benzenes in the
pyrolyzates is consistent with a derivation from aquatic OM (Peulvé et al., 1996) or
possibly inertinite (Kruge et al., 1994; Stankiewicz, 1995). This is true of all samples
in the suite, suggesting a ubiquitous major precursor. C2-C4 alkylbenzenes would have
been relatively more abundant in the pyrolyzates of petroleum asphaltenes (e. g.,
Kruge et al., 1996) and vitrinites of bituminous rank (Kruge and Bensley, 1994). The
strong presence of styrene suggests anthropogenic input (polystyrene waste), but
styrene is also known to be a pyrolysis product of peat (Van Smeerdijk and Boon,
1987), meaning that it could here be a marker for degraded lignin. Since the
naphthalene and phenanthrene distributions tend to favor the parent hydrocarbon and
the monomethylated varieties in many of the pyrolyzates, a contribution from
inertinite or combustion residues is suggested. For the organic-rich sample group,
whose pyrolyzates are relatively enriched in both long-chain aliphatics and C2alkylphenanthrenes (Fig. 8), a petroleum asphaltene contribution is logical, whereas
for sample 50U (enriched only in alkylated phenanthrenes) a contribution from
vitrinite would provide an explanation. This does not necessarily contradict the
conclusions suggested by the alkylbenzene distribution. One can envision the
principal and universal input of aquatic OM to the sediments, with greater or lesser
degrees of fossil fuel contamination as a secondary component, varying with
geographic position within the lake.
As noted above, the 5-10 cm portions of the cores had lower TOC, S1, S2 and
Hydrogen Index values than the corresponding 0-5 cm sections (Figs. 2 and 3).
Analogously, the pyrolyzates of the lower core sections are more aromatic than the
upper, in all cases in which both sections of a given core were analyzed (sites 17, 19,
21 and 25, Fig. 7b), most likely evidence of early diagenetic processes.
Oxygenated compounds. The principal oxygenated organic compounds in the
pyrolyzates are phenol [18], methylphenols [25, 26] and to a lesser extent, dimethyl6

and ethylphenols [28, 30, 31, 33]. Phenol distributions by carbon number vary
considerably between pyrolyzates (Fig. 4a, c, e) and phenols as a class are most
important in pyrolyzate 50U (Fig. 4f). The internal distributions of C2-alkylphenol
isomers in all pyrolyzates show a similarly high relative abundance of 4-ethylphenol,
like that of sample 16U (Fig. 9a), with the exception of 50U, shown to have
significantly higher relative amounts of the dimethylphenols (Figs. 4e, 9b). Only
traces of methoxyphenols were detected in the pyrolyzates. These compounds are
important lignin pyrolysis products (Saiz-Jimenez and de Leeuw, 1986) and their lack
in the pyrolyzates of the Lake Ontario sediments indicates a paucity of intact lignin.
As was the case with the aromatic hydrocarbons, the phenol distributions in the
pyrolyzates are more compatible with derivation from autochthonous OM (Peulvé et
al., 1996), rather than vitrinite (e. g., Kruge and Bensley, 1994; Stankiewicz, 1995) for
all samples except 50U. The phenols observed may also in part arise from the
pyrolysis of degraded lignin. The alkylphenols of pyrolyzate 50U are compatible with
a stronger presence of bituminous coal (specifically, the vitrinitic component,
Stankiewicz, 1995) in this sample, but not exclusively. Its phenols were likely
produced by a mixture of coal and recent, aquatic OM.
The occurrence of cyclopentenones [4, 15] and furancarboxaldehydes [5, 16]
as relatively important pyrolysis products and the lack of levoglucosan (Fig. 4) suggest
the presence of degraded polysaccharides in the sediments (Sicre et al., 1994), which
may derive from terrestrial and/or aquatic OM. This is fairly constant in all samples,
indicating ubiquitous sources and near universal processes of degradation. There is no
apparent correlation between the abundances of the polysaccharide derivatives or the
phenols and the Rock-Eval Oxygen Index. The polysaccharide components derived
from aquatic OM likely originated from phytoplankton. Pyrolysis-mass spectrometry
of sediment trap organic matter in Lake Michigan (with an environment similar in
many respects to that of Lake Ontario) demonstrated the ability of such material to
escape complete degradation while sinking through the water column (Meyers et al.,
1995).
Organic nitrogen and sulfur compounds. There is a diverse and relatively
abundant group of organonitrogen compounds appearing in the pyrolyzates of all Lake
Ontario sediments analyzed. Most abundant are simple pyridines [1, 8] and pyrroles
[2, 6, 7] and cyanobenzenes [17, 27, 29]. More complex heterocycles are also present,
most importantly indole [40]. Also significant are three long-chain, even carbonnumbered alkylnitriles [55, 60, 69]. As minor components, quinoline [38],
phenylpyridine [48] and cyanonaphthalene [59] are noteworthy, as well as several
more highly-alkylated pyrroles and indoles (Fig. 4, Table 1).
While the types of organonitrogen compounds in the pyrolyzates are mostly
the same from sample to sample, their proportions (both to one another and to the
hydrocarbons) do vary systematically. The organonitrogen/hydrocarbon ratio is
inversely proportional to the indicators of organic richness, such as the Hydrogen
Index (Fig. 10a). Pyrrolic compounds (including the indoles) are enriched relative to
the more "aromatic" nitrogen compounds (pyridines and cyanobenzenes) in those
pyrolyzates with lower organonitrogen/hydrocarbon ratios (Fig. 10b). The exception
in both cases is organic-lean sample 50U, the pyrolyzate of which is relatively
impoverished in organic nitrogen (Fig. 10a, b), implying once again a significantly
different OM assemblage. In cases where both upper and lower sections of the core
were analyzed, the lower 5 cm samples appeared more "pyridinic" (Fig. 10b),
analogous to the increase in aromaticity in the lower samples noted in Fig. 7. This
likely shows the effect of diagenetic processes on the organic nitrogen forms, the
7

lower samples having an additional 15-45 years of burial (Mukhopadhyay et al., 1997).
An abundance of nitrogen in lacustrine organic sediments is generally taken to
signal a major aquatic OM component (Meyers and Ishiwatari, 1993). More
specifically, all the organonitrogen compounds noted in these Lake Ontario sediment
pyrolyzates (except the alkylnitriles) indicate the presence of degraded proteinaceous
material in the sediment (Sicre et al., 1994; Peulvé et al., 1996) from autochthonous
sources (algae, bacteria) and/or sewage. The occurrence of C14-, C16-, and C18alkylnitriles has been noted before in pyrolyzates of recent marine sediments and
tentatively ascribed to a bacterial origin (Sicre et al., 1994) or to an as yet unknown
amide biopolymer (Peulvé et al., 1996). In the present case, they most likely derive
from autochthonous lacustrine OM.
The pyrolyzates all have very low relative concentrations of thiophenic
compounds. This is consistent with an origin from lacustrine OM, typically low in
sulfur. This also suggests that high-sulfur bituminous coal or asphaltenes from marine
OM-derived petroleum did not make major contributions to the pyrolyzate. A unique
and ubiquitous sulfur compound was detected, tentatively identified as a
benzenesulfone derivative [54]. If the identification is correct, it is evidence of
detergent contamination in the sediment.
Extractable hydrocarbons. Microscopic examination determined that many of
the samples in the suite contained a large volume percentage of combustion-derived
organic particles, including coal char, coke, fly ash and charred wood (Mukhopadhyay
et al., 1997). It was initially surprising that the pyrolyzates produced only limited
evidence of the combustion products (Fig. 4a, c, e), especially in contrast with fluvial
sediments from an industrial zone near Chicago, whose pyrolyzates contained
polycyclic aromatic hydrocarbons (PAH) in high concentrations (Abdel Bagi et al.,
1996). This can be explained by the fact that the majority of OM in recent sediments
is usually not in particulate form (Keil et al., 1994a, b). Evidently, our Py-GC/MS
results were largely reflecting the non-particulate components in the Lake Ontario
sediments.
Nevertheless, we wished to obtain chemical evidence of the combustion
products and so we submitted the n-hexane extracts of five samples to analysis by
injection GC/MS using selected ion monitoring. The outlier samples on Fig. 2b (27U,
16U and 50U) are all above the Rock-Eval S1/TOC trend line, indicating that they
contain more thermally-extractable OM than would be expected for their overall TOC
content. These were selected for investigation by solvent extraction, along with 25U
and 21L, the two end-members on the trend line in Fig. 2b.
The hydrocarbon mixture extracted from sample 27U is dominated by parent
PAH compounds including phenanthrene, fluoranthene, pyrene, benzo[a]anthracene,
chrysene, benzofluoranthenes and benzopyrenes (Fig. 11a). Also important is a series
of normal and isoprenoid alkanes in the C15-C19 range, as well as longer chain nalkanes with odd carbon numbers. Samples 25U (Fig. 11b) and 16U have extracts
similar to 27U, though with proportionately less PAHs and more odd carbonnumbered n-alkanes. Samples 16U, 25U and 27U contain hopanes as trace
components (Fig. 11) and when their m/z 191 and 217 mass chromatograms are
examined, full series of tricyclic terpanes, hopanes and thermally mature steranes are
apparent. Sample 50U is markedly different, having mostly normal and isoprenoid
alkanes in the C15-C19 range, with relatively low quantities of PAHs (Fig. 11c). The
one sample from a deeper core section, 21L, contained n-alkanes, elemental S and a
compound tentatively identified as terphenyl, plus what are apparently several of its
partly hydrogenated derivatives.
8

The parent PAH compounds present compelling evidence for the presence of
combustion-derived OM, while the C15-C19 alkanes are interpreted here to be
indicative of diesel contamination. The long-chain, odd-numbered n-alkanes are
obvious signs of recent, terrestrial OM input. The hopanes, tricyclic terpanes and
steranes indicate direct input of crude oil or heavy petroleum products.
Absolute concentrations were not determined for the compounds in these
extracts. However, total hexane-extractable OM ranged between 0.06 and 0.15 mg/g
sediment, indicating that these extracts comprise a very minor portion of the OM,
compared, for example, to S2 in these five samples (1.6 - 5.7 mg volatile pyrolysis
products/g sediment, Fig. 2a). It is then not surprising that the extractable PAHs were
overshadowed by the compounds produced upon pyrolysis of the autochthonous OM,
coal and heavy petroleum fractions.
The analysis of sample 25U was repeated by Py-GC/MS, using selected ion
monitoring of the molecular ions of the PAHs detected in the extract analysis. The
targeted PAHs were all readily detectable, therefore Py-GC/MS with selected ion
monitoring can be recommended for the rapid analysis of trace organic contaminants
in whole sediment.
Sources of Lake Ontario sedimentary OM
The shoreline of western Lake Ontario has several major point sources of
organic contaminants (Fig. 1). These include sewer outfalls in the Toronto and
Hamilton metropolitan areas, petroleum refineries and shipping terminals, a major
coal-fired electrical generating station and plants producing powdered coal and steel.
Chemical manufacturing is concentrated upstream along the Niagara River, which
enters the lake from the southern shore. The Welland Canal connects Lake Ontario
with the other Great Lakes and permits large ocean-going vessels to navigate the entire
lake system. Jetsam, spilled fuel and lubricating oil, and fossil fuel combustion
residues from these ships are expected to be found in lake floor sediments, particularly
in the vicinity of the recommended shipping tracks (Fig. 1). Other non-point sources
of contaminants would include combustion by-products from residential heating and
motor vehicles. Natural OM in the form of the remains of terrestrial plants growing in
the drainage basin enters the lake via fluvial and aeolian transport. Ancient OM
eroded from rocks such as those of the organic-rich Niagara Formation, which is
exposed in the lake's drainage basin, could also contribute to the mix of OM in the
lake bottom sediments. Upon pyrolysis, such OM would appear similar to petroleum
asphaltenes; confirmation of petroleum contamination would require a detailed
biomarker study, which was beyond the scope of this project. Communities of aquatic
algae and bacteria, which are major sources of indigenous natural OM in the lake,
have been influenced by anthropogenic disruption of the nutrient balance. Nutrientrich agricultural and sewerage run-off feeding into the lake has led to a long-term rise
in aquatic productivity after the arrival of European settlers, as previously documented
in paleolimnological and geochemical studies (Bourbonniere and Meyers, 1996a, b;
Silliman et al., 1996).
With these potential sources of OM into the lake, which are most significant
according to the geochemical results of this study? The petrologic results indicate a
greater predominance of industrial OM residues than do the pyrolysis data, which
reflect predominantly autochthonous and allochthonous natural OM. The populations
of algae and bacteria, while nominally "natural", may have been influenced by the
anthropogenic disruption of the nutrient balance in lake through the addition of
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sewage and agricultural wastes. The apparent discrepancy between the petrologic and
the pyrolysis results is explained by the fact that only the particulate matter can be
seen under the microscope, while the chemical analysis reflects all forms of organic
matter present. However, the chemical data may be biased by the relatively much
greater yield of pyrolysis products from algal and bacterial OM than from coaly and
especially charred material. The combustion products in these samples were best
detected chemically using the targeted, sensitive technique of selected ion monitoring,
either with extracts or whole sediment pyrolyzates.
Summary and Conclusions
Large lakes near industrialized regions are sinks for anthropogenic organic
matter (contamination). In the interest of pollution prevention and remediation, it is
important to understand the nature and fate of lacustrine organic matter from all
sources. For this reason we have applied tools normally used for kerogen evaluation
to the study of organic matter in the bottom sediments of western Lake Ontario. PyGC/MS analysis of raw sediment was shown to be particularly useful, especially in
light of a goal of this project that rapid analytical techniques with minimal sample
preparation be adapted to environmental studies, for reasons of economy and
efficiency.
Organic petrologic examination revealed the presence of bituminous and semianthracite coals, carbonization residues (char and fly ash) likely from shipboard
combustion or nearby power plants, and coke from nearby ironworks. Land plant
material, lacustrine algae, and bacterial clusters on humic substances were common.
Abundant algal remains in some sediments is probably related to nutrient-rich sewage
and agricultural run-off in the lake water.
Based on TOC and Rock-Eval data we divided the sample suite into a
relatively "organic-rich" group and an "organic-lean" group. The Py-GC/MS data
indicated significant variations in OM type within the sample set, in accord with the
Rock-Eval results. Aliphatics in pyrolyzates from samples richer in OM had a greater
preponderance of the long-chain homologues and had higher values of n-alkene/nalkane ratios. Aromaticity was highly variable in the sample set and there was a
strong inverse correlation between aromaticity and alkyl chain length. Pyrrolic
compounds (including the indoles) were enriched relative to the more "aromatic"
nitrogen compounds (pyridines and cyanobenzenes) in the pyrolyzates of the organicrich sediments. However, the overall ratio of organonitrogen compounds to
hydrocarbons was lower for the organic-rich samples. These features imply that it was
not simply a matter of OM quantity, but that the quality of the pyrolyzable OM
changed systematically as well.
The distribution of aliphatics in the pyrolyzates suggests multiple precursors,
including the lipid portions of algal and bacterial resistant biopolymers, as well as
petroleum asphaltenes or other (degraded?) heavy petroleum fractions. All these
components were noted in the particulate matter assemblages seen under the
petrographic microscope. However, alkylbenzene and alkylphenol distributions in the
pyrolyzates are most compatible with derivation from autochthonous OM. The
organonitrogen compounds noted in these Lake Ontario sediment pyrolyzates indicate
the presence of degraded proteinaceous material in the sediment from autochthonous
sources (algae, bacteria) and/or sewage. These observations are true for all samples in
the suite, suggesting a ubiquitous, major precursor assemblage. One can envision the
principal and universal input of aquatic OM to the sediments, with greater or lesser
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degrees of fossil fuel-derived contamination as a secondary component, varying with
geographic position within the lake.
Site 50 was located at the intersection of major shipping lanes. The pyrolyzate
of this sample exhibited unique features. It was more aromatic and its alkylphenol
distributions were compatible with a stronger presence of bituminous coal in this
sample, in agreement with petrographic observations. Its pyrolyzate reflected a
mixture of coal and the ubiquitous aquatic OM at this site.
The occurrence of cyclopentenones and furancarboxaldehydes as relatively
important pyrolysis products and the lack of levoglucosan suggest the presence of
degraded polysaccharides in the sediments, which may be derived from terrestrial
and/or aquatic OM. This was fairly constant in all samples, indicating ubiquitous
sources and near universal processes of degradation.
The deeper halves of the 10 cm deep cores had less TOC than the
corresponding upper halves. The pyrolyzates of the lower core sections were more
aromatic than the upper, in all cases in which both sections of a given core were
analyzed, mostly likely due to early diagenetic processes.
The parent PAH compounds in the hexane extracts offered compelling
evidence for the presence of combustion-derived OM, while the C15-C19 alkanes found
therein are interpreted here to be indicative of diesel contamination. The long-chain,
odd-numbered n-alkanes were obvious signs of recent, terrestrial OM input. The
hopanes, tricyclic terpanes and steranes indicated direct input of crude oil or heavy
petroleum products. However, these extracts comprised a very minor portion of the
total OM.
The petrologic results indicated a greater predominance of industrial OM
residues than did the pyrolysis data, which in contrast, reflect predominantly
autochthonous and allochthonous natural OM. The populations of algae and bacteria,
while nominally "natural", may have been influenced by the anthropogenic disruption
of the nutrient balance in lake through the addition of sewage and agricultural wastes.
The apparent discrepancy between the petrologic and the pyrolysis results is explained
by the fact that only the particulate matter can be seen under the microscope, while the
chemical analysis reflects all forms of organic matter present. However, the chemical
data may be biased by the relatively much greater yield of pyrolysis products from
algal and bacterial OM than from coaly and especially charred material. The
combustion products in these samples were best detected geochemically using the
targeted, sensitive technique of selected ion monitoring, either with extracts or by
whole sediment pyrolysis. To obtain the fullest characterization, combined techniques
are recommended - analytical pyrolysis in conjunction with microscopic examination.
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Appendix — Molecular parameters
Long-chain n-alkene/n-alkane ratio:
(sum of C16 to C25 n-alkenes) / (sum of C16 to C25 n-alkanes)
Aliphatic chain-length ratio:
(sum of C16 to C25 n-alkenes and n-alkanes) / (sum of C6 to C25 n-alkenes and nalkanes)
Aromaticity ratio:
(sum of all quantitated aromatic hydrocarbons1)
——————————————————————————————————
———
(sum of C6 to C25 n-alkenes and n-alkanes) + (sum of all quantitated aromatic
hydrocarbons1)
Phenanthrene alkylation ratio:
(sum of C2-alkylphenanthrenes) / (phenanthrene + sum of C1- and C2alkylphenanthrenes)
Organonitrogen/hydrocarbon ratio:
(sum of all quantitated nitrogen compounds2)
——————————————————————————————————
———
(sum of C6 to C25 n-alkenes and n-alkanes) + (sum of all quantitated aromatic
hydrocarbons1)
Pyrrolic/"aromatic" nitrogen ratio:
(sum of pyrroles3 + indole + sum of C1- and C2-alkylindoles)
—————————————————————————————
(sum of pyridines4 + cyanobenzene + sum of C1- and C2-cyanoalkylbenzenes)

1

compounds designated "B", "AD" and "AT" in Table 1
compounds designated "PD", "PL" and "N" in Table 1
3
compounds designated "PL" in Table 1
4
compounds designated "PD" in Table 1
2
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Table 1. List of compounds detected by Py-GC/MS. Ions used for quantitation are shown for each
compound (NQ: not quantitated). Normal alkanes and alkenes are not included in the table (m/z 57 and
55 were used for quantitation, respectively). Peak numbers correspond to pyrograms in Fig. 4. DMN:
dimethylnaphthalene, TMN: trimethylnaphthalene, DMP: dimethylphenanthrene. Compound types PL: (alkyl)pyrrole, PD: (alkyl)pyridine, N: other nitrogen compound, B: (alkyl)benzene, AD: diaromatic
hydrocarbon, AT: triaromatic hydrocarbon, PS: polysaccharide derivative, F: phenol, D: detergent.
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Figure 1. Map of western Lake Ontario showing its location in North America, its
bathymetry and the locations from which surface sediment samples were obtained for
this study. Also shown are recommended courses for commercial shipping from
Canadian Hydrographic Service Chart 2000. Also shown are major industries and
municipal sewer outfalls at the shoreline as described in a boating guide (Canadian
Hydrographic Service 1985; 1985-1994).
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Figure 2. Charts summarizing Rock-Eval pyrolysis results. a) Cross plot of TOC and
S2. b) TOC vs. S1. Labeled square symbols refer to those samples chosen for PyGC/MS analysis, other samples plotted as circles. Solid symbols mark the "organicrich" group of samples.
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Figure 3. Rock-Eval Hydrogen and Oxygen Indices. a) Plotted as a modified Van
Krevelen diagram (Espitalié et al., 1977). b) Detail of plot. Bold-face type indicates
those samples chosen for Py-GC/MS analysis. Solid symbols mark the "organic-rich"
group of samples.
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Figure 4. Py-GC/MS results including total ion current traces for the C7-C22 range
and relative quantitation results, summed for the principal compound classes (Table 1).
a, b) Sample 16U (Site 16, 0-5 cm sediment depth). c, d) Sample 21L (Site 21, 5-10
cm sediment depth). e, f) Sample 50U (Site 50, 0-5 cm sediment depth). ∆: n-alkenes,
+: n-alkanes, X: silane contaminants, other peaks identified in Table 1. See
experimental section for explanation of quantitation method. Note that the
quantitation results incorporate the full data set of 156 compounds.
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Figure 5. Summed mass chromatograms (m/z 55 + 57) showing distributions of nalkenes and n-alkanes in the pyrolyzates of a) "organic-rich" sample 16U and b)
"organic-lean" sample 21L.
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Figure 6. Plots of a) the long-chain n-alkene/n-alkane ratio from Py-GC/MS data, b)
Rock-Eval S1, and c) the Hydrogen Index, all as functions of the aliphatic chain-length
ratio from Py-GC/MS data. Solid symbols indicate the members of the "organic-rich"
sample group. See appendix for definition of ratios.
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Figure 7. Plots of a) the aliphatic chain-length ratio and b) TOC, as functions of the
aromaticity ratio from Py-GC/MS data. Solid symbols indicate the members of the
"organic-rich" sample group. See appendix for definition of ratios.

Figure 8. Cross-plot of the aliphatic chain length ratio and the phenanthrene
alkylation ratio from Py-GC/MS data. Solid symbols indicate the members of the
"organic-rich" sample group. See appendix for definition of ratios.
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Figure 9. Summed mass chromatograms (m/z 107 + 122) showing distributions of
C2-alkylphenols in the pyrolyzates of a) "organic-rich" sample 16U and b) "organiclean" sample 50U. 26DM: 2,6-dimethylphenol, 2E: 2-ethylphenol, etc.
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Figure 10. Cross-plots of Py-GC/MS data. a) the Hydrogen Index vs. the
organonitrogen/hydrocarbon ratio and b) the pyrrolic/"aromatic" nitrogen compound
ratio vs. the organonitrogen/hydrocarbon ratio. Solid symbols indicate the members of
the "organic-rich" sample group. See appendix for definition of ratios.
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Figure 11. Summed mass chromatograms showing hydrocarbon distributions in the
hexane extracts of a) sample 27U, b) sample 25U, and c) sample 50U. See
experimental section for listing of the 29 ions used. +: n-alkanes, a: di-isopropylcyclohexadiene-dione (?), b: norpristane, c: pristane, d: phenanthrene, e: anthracene, f:
phytane, g: methylphenanthrenes, h: dimethylphenanthrenes, i: fluoranthene, j: pyrene,
k: methylpyrene isomers, l: trimethylphenanthrene, m: benzo[a]anthracene, n:
chrysene, o: methylchrysenes, p: benzofluoranthenes, q: benzo[e]pyrene, r:
benzo[a]pyrene, s: norhopane, t: hopane.

25

